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ABSTRACT

‘The Cassini spacecrafl is being developed for a mission to investigate Saturn and its rings, satellites
and magnctosphere.  The spacecraft will be powered by three Radioisotope Thermoclectric
Generators (RTG, scc Figure J), The utilization of the I{’I’ (i waste heat as a major heat source for
thermal control of the Propulsion Module Subsystem (PM S) is ancew concept (sec 1 igure 2) that has
ncver been applied before, neither for (is] ilco nor for Ulysses. ‘1 hermal development test has been
conducted to demonstrate that the R'1*(is can provide a significant part of the heat necessary to warm
the I'MS, and that the RTG end dome temperature is critical in determining the amount of heat
entering the PMS cavity (alarge M1 blanket drapes over the propellant tanks forming the cavity).
1Jowever, anal ysis indicated that there was a large discrepancy between the flight RT'G thermal
analytical model predictions and the test results based on an misting RTG simulator hardware,
especia] y with regard to the end dome temperatures.  This raised questions concerning the adequacy
of the existing simulators as well as the analytical model.

This paper addresses the adequacy of the analytical model. “1 *hc model was developed a number of
ycars ago by GE under a contract with JP1.. It deals with the complex design and thermal behavior
of the R'1'G that arc to some degree reflected in the schematics of Figure 3, The modelinits reduced
form has anode map as shown in Figure 4. The model has been relied upon as the sole guide with
its analytical predictions for interpreting the RTG ther mal behavior. 1 lowever, upon reviewing flight
data from Galilco and Ulysses (missions to explore Jupiter and the sun, respectivel y), as welJ as past
gwuncl-test data, it was discovered that there had only been one validation case performed for the
model, and that it was dcmc without duc attention to the end dome temperatures (because they were
not amatler of concern for those missions). Uncerlainty with regard to the predicted end dome
temperat ures, therefore, appeared great and nceded to be minimized.

*The work described in this paper was carried out by the Jet Propulsion 1.aboratory under a
contract with the National Aeronautics and Space Administration, The abstract is submitted to
the 32nd Al AA ‘Thermophysics Conference, to be held in Atlanta, GA, on June 23-25, 1997.
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Model Modification and Validation Using the Engincering Unit Data

‘The mode] was correlated oncein 1988 by G4 with the only set of’ vacuum test data available from

the 1 ingincering Unit (an electric simulator). 1 Jowever, as a close scrutiny reveals, the previously
corrclated model (clue, 1o focus on power performance) under-predicts the end dome temperature by
10°C, over-prcclicts the flange temperature by 9°C, and over-pre.dic.ts the mid-she] Itemperature by
14“(;, as compared with the test data. Thc model was found deficient in two important areas, i.e.,
the underestimate of radiative coupling, between the end dome and the heat source support assembl y,

andthcabsence of radiative coupling between the dome/shel 1 flanges and space. 1 ‘ach deficiency,

when corrected, led to a substantial temper ature change. Other modifications, less significant in
comparison, were also made. Figures 5-13 show results of each successive step of moallification.
The final validated model brings the end dome and flange temperature predictions to within 2°C of
the test data, as shown in }igure 14, and results in a doubling of the radiative heat transfer from the
RTG heat source support assemblics to the end domes,

More significantl y, when the R1°G is coupled to the interface ring, the support box and the spacecraft
cent ralbod y, asin the integrated Cassini configurat ion, the combined model predicts an inboard end
dome temperature of 194°C afier the validation, as opposed to169°C before. ‘1 *his 25°Cincreasc in
the cnd dome temperature has a considerable impact cm the amount of R'1'G heat entering the PMS
cavity,

Validation with the ¥-2 RTG Thermal VY acuum Qualification Data
Since G] ¥'s 1 ingincering Unit was an clectric simulator and not anuclear-fucled {light unit, it was
highly dcsirable to acquire vacuum data from a fucled flight unit for further validation of the
anal ytical modcl. Upon JPL.'s request, an effort was made by DOI:'s Mound 1.aboratory (with
assi stance from l.ockheed Martin personnel) to obtain end dome and shell temperat wre
measurements during the thermal vacuum qualification test of the fueled flight unit ¥-2. The shell
temperat ure measurements were obtained with flight temperature transducers that arc in place on the
R'T'G while the end dome temperat urc mecasurement (being an afterthought) was obtained by using
an 1 R probe inside the vacuum chamber, and the results arc shown in Figure 15. The IR probe was
calibrated using an oil-bath setup as well as a hot plate, the lattcr arrangement being shown in Figure
16. Both calibration approaches yiclded a consistent correction factor of 22°C at the temperature
reading of around 200°C. Applying this correction factor to the lower curve of Figure 15, the end
dome temperature IS determined to be 208°C.  The shell temperature at the "RT1)" location
(approximately 7 in. from the dome flange), as shown in Figure 15 and with no correction necessary,
is244°C. The -2 was running with a net thermal power of 4120 W, and the sink (or chambet
shroud) temperature was 27°C.

Prediction using the analytical mode] for the same operating conditions yielded anend domce
temperature of 2.10°~ (cf. I'-2 data of 208°C) and a shell temperature at the "RI'T )" location of

approximate] y 240°C (cf. -2 data of 244°C). I hesc are rather satisfactory comparisons, and the
validity of the RT'G analytical modecl is thus established.
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The Cassini Integrated Configuration with the RTG Simulators

‘The fueled R'TGs cannot be used in the Cassini spacceraft system-level solar thermal vacuum test,
and suitable simulators must be used instead. The adequacy of the simulators, and the uncertainty
they introduced, are important subjccts whose discussion requires a separate treatment (see 1 igure
17{or atest arrangement involving, a simulator and the surrounding, components). The validated
flight RTG analytical model discussed in this paper is relied upon heavily to provide guidance in
asscssing those issues.
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Fig. 1 The Cassini Spacecrafl and the RTGs



AJIABD SIN 9t 07T DI 913 W04 PAIONPUOD PUZ PaTeIpEY JBOH § ‘Biq

(Waoy,0q Lo 108,084 puB ‘8pisu,
“C TN '8pis,no Lued xoR,g)
X084 1d0acnNsS o1y
(&pisino +BG %08 q ‘ap.sul O0A ‘whnuiwng)
ONid 180danNS 9.y -—

VST

NITOLN
- G3iCNGNOD |

v Y/

o \\ SINOGNI ©1Y -/ . w

(Liadoeg

S37.8V0 ‘Winiukun;e)

oA Olg A=
e S ALINYD Nd
SG6VRHS OLIN| LV=H
G3Lviavy

AdCsg

IVHINIS

() ALIAYD A N

L3UNYTG Wg

w T AR

1doouon 1BBH 81SEAA B 1Y




QAS MARADEMENT ALtRneron CUTEA
/ ASSEMBLY SHELL ASSEMBLY

s T AN
e

AKX ootiive

MIDSPAN

A - MIDSP AN -— b
MOLYSOENUM CAGE SUPPCRT 2LATE ~— j SLesCat o ENCHATN
\ \ /
THERMCC OUPLE — \ / / -
\ ourtE — ) j Cures see
SPACECRAFT \ T ; T N T T
STRUC TURE » ! ’ /

\§ S !
NN TR T
N\ N
O y o o, - — ~
e e - A AL TR Tl
Z —— <7} -
RN g, p ’ g
L INBCARD = /
END Do T VA
i ) ! CuUTeC A
- AXIAL ! | ! END OC
COMPRESSION ! ’
S PRI NG LATERAL L HEAT SCURC: /
R E STRAINING BUTION _— MOODULE ~ CUTBCARL
SLIP* CR;
“.INBOARD SUPPCAT SHP, CRT LATCM~—r / ASSEMBLY

ASSEMBLY

MOLYSLENUM CAGE -

3
Fig, X Schematic of RTG Elements
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NOTE: The temperatures presented in Kigs., 85346 are in °C and correspond
to nodes as defined in the thermal model node map (Fig. W)

ODUTBOARD INBOARD

205.47 752.17 999.96  1076.68 1004.45 774,35 204.50
616.86 673.95 619.03

217.42 220.80 233.75 271.22 233.60 218.51 215.42
218.61 251.33 218.48
210.91 241.39 210.79
180.05 201.66 179.97

Fig. § Results of Run # 1: Duplicating the “Baseline Predictions’
Ay

OUTBOARD INNBOARD

190.21 743.99 995.36  1075.60 1000.00 766.73 189.45
612.01 673.20 614.29

197.57 201.75 228.66 270.81 228.58 199.73 195.85
214.16 250.96 214.09
206.77 241.03 206.70
177.09 201.38 177.04

Fig. ™ Results of Run# 2: Adding Flange-to-Space Radiative Coupling

OUTBOARD INBOARD

164.79 975.17  1046.87 1085.70 1056.67  1022.92 161.89
638.81 679.03 643.69

183.56 190.67 230.76 272.35 230.71 186.85 180.00
216.02 252.31 215.97
208.50 242.29 208.46
178.36 202.28 1768.33

7
Fig. X Results of Run #3: Deleting I.umped Conductance Bet ween

EndDomes and ! lest Source Support Assemblies




OUTBOARD 1 NBOARD

167.79 974.64  1046.46  1085.61  1056.31  1022.50 164.79
638.35 678.96 643,26

187.25 188.72 230.24 272.32 230.22 184.97 183.56
215.56 252.28 215.54
208.08 242.26 208.06
178.05 202.25 178.04

%
Fig. "N Results of Run #4: Increasing Contact Conductance Between
the Shell Flange and Dome Flange

OUTBOARD INBOARD

216.49 488.40 938.19 1064.52 938.99 492.42 216.81
582.02 666.79 582.39

212.01 212.24 225.85 269.06 225.79 211.67 211. 49
211.68 249.42 | 211.63
204.45 239.60 204.40
175.40 200.35 175.36

Fig. W Results of Run #5: Adding Radiative Coupling Between
End Domes and Heat Source Support Assemblies

OUTBOARD INBOARD

211.68 471.24 950.35 1066.80 951.07 475.38 212.02
588.36 668.11 588.68

209.31 209.65 226.36 269.42 226.30 209.14 208.85
212.14 249.74 212.08
204.87 239.90 204.82
175.71 200.56 175.67

/v
Fig. 13, Results of Run #/6: Reducing Conductances Between
Nodes 2 and 21, and Nodes 12 and 31

OUTBOARD I NBOARD

210.80 470.22 947.05 1058.60 947.75 474 .36 211.08
585.99 659.44 586.30

208.33 208.65 224.94 260.27 224.86 208.07 207.79
210.79 241.76 210.71
203.57 232.47 203.50
174.60 195.29 17 4.55

%
Fig ¥4 Results of Run #7: Including Radiative Coupling Between the

Mid-ring and Space




OUTBOARD | NBOARD

209.74 469.44 944,90 1055.32 945.61 473.60 210.04
583.92 656.05 584.24

207.04 207.35 222.94 256.78 222.87 206.80 206.54
210.06 240,20 209.99
203.47 231.85 203.41
177.25 198.78 172.21

12
Fig. NS Results of Run#8: Adding Shell-to-Fin Radiative Coupling

OUTBOARD INBOARD

212.01 442.34 939.60 1054.36 940.17 445.71 212.31
581.15 655.51 581.41

208.16 208.41 222.71 256.65 222.64 207.94 207.73
209.85 240.10 209.79
203.27 231.75 203.22
177.10 198.70 177.06

13
Fig. ™6 Results of Run #9: Fine-tuning Radiative Coupling Between
Find Domes and Heat Source Support Assemblies

-- “Validated Model Predictions’




Note: All temperatures arc in °C. Predictions by the validated 26-node model are bracketed <...>.
All other temperatures are test data from the Engineering Unit.
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¥Fig. 7 RTG Engineering Unit Test Data vs. Predictions by the Validated 26-Node Mod
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* Fig. 17 A test setup involv



